AD-A128 417  LUMINESCENCE AND ELECTRICAL CHARACTERIZATION OF ION
IMPLANTED SI:TL(U) AIR FORCE INST OF TECH

. WRIGHT-PATTERSON AFB OH SCHOOL OF ENGI. 0 F SWENSON

UNCLASSIFIED NOV 82 AFIT/DS/PH/82-1 AFWAL-TR-82- 4115 F/G 20/12




"I“lO ol
=L
"“lﬁ o

. e
22 s e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDR 1963 4




AFWAL-TR-82-4115

~
. -
;4

. w3
. \“

L LUMINESCENCE AND ELECTRICAL CHARACTERIZATION
o3 OF ION IMPLANTED SI:TL
o

¢:§j Orven F. Swenson, Captain

ﬁs
i

November 1982

Final Report for Period January 1980 - January 1982.

Approved for public release; distribution unlimited.

' DTIC

ELECTE
MAY 2 0 1983

5 ¢

MATERIALS LABORATORY

AIR FORCE WRIGHT AERONAUTICAL LABORATORIES
AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433

f3 05 19 202

DTIC FILE COPY




NOTICE

when Government drawings, specifications, or other data are used for any purpose
other than In connection with a definitely related Government procurement operation,
the United States Government thereby incurs no responsibility nor any obligation
whatsoever; and the fact that the government may have formulated, furnished, or in
any way supplied the said drawings, specifications, or other data, is not to be re-
garded by implication or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to manufacture
use, or sell any patented invention that may in any way be related thereto.

This report has been reviewed by the Office of Public Affairs (ASD/PA) and is
releasable to the National Technical Information Service (NTIS). At NTIS, it will
be available to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication.

"PATRICK M. HEMENGER G. EDWARD KUHL, Chief

Project Monitor Laser & Optical Materials Branch
Electromagnetic Materials Division

FOR THE COMMANDER

El¢ctromagnetic Materfals Division
Materials Laboratory
AF Wright Aeronautical Laboratories

®If your address has changed, if you wish to be removed from our mailing list, or
If the addressee is no longer employed by your organization please notify AFWAL/MLPO ,
N-PAFB, OH 45433 to help us maintain a current mailing list”.

Copies of this report should not be returned unless return is required by Ssecurity
considerations, contractual obligations, or notice on a specific document.

e




UNCLASSIFIED

SECURITY CLASSIFICATION OF THiS PAGE (When Dlta.Enund)‘

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
T. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER
AFWAL-TR-82-411 AD AI1af Y17
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

Final January 1980 -

LUMINESCENCE AND ELECTRICAL CIARACTERIZATION January 1982

OF ION IMPLANTED SI:TL 5. Psnronm OG. REPORT NUMBER
AFLT/DS/Pr/ 52/
7. AUTHOR(S) 8. CONTR}CT OR GRANT NUMBER(S)

Orven F. Swenson, Captain

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. :EOER&AM ELE“EN“_T‘ PROJECT TASK

Air Force Institute of Technology (AFIT-EN) EA & WORK UNIT NUMBERS

Wright-Patterson AFB, Ohio 45433 2306Q106
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Materials Laboratory (AFWAL/MLPO) November 1982

Air Force Wright Aeronautical Laboratories (AFSC) T3 RuweeR oF PAces

Wright-Patterson AFB, Ohio 45433 137 '
t4. MONITORING AGENCY NAME & ADDRESS(if diflerent from Controlling Otfice) 1S. SECURITY CLASS. rof this report)

Unclassified ’

'Sa. DECLASSIFICATION. DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the sbatract entered in Block 20, il diiferent from Report)

18. SUPPLEMENTARY NOTES

Approved for public release, IAW AFR 190-17.

19. KEY WQROS (Continue on reverse side if necessary and identily by block Aumber)

Ion Implants Luminescence Defects
Silicon Hall-Effect Anneal
Thallium Rutherford Backscattering (RBS) Bound Exciton
Si:T1 Secondary Ion Mass Spectrometry (SIMS)

Mobility Ionization Energy

20. ABSTRACT rContinue on reverse side if necesasry and identify by dlock number)

— S Ion implanted S1:T1l was characterized by luminescence, Hall-effect,
Rutherford Backscattering (RBS), and Secondary Ion Mass Spectrometry (SIMS).
This is the first reported luminescence study of an implanted dopant in
silicon. The same sharp line defects were produced by the Tl heavy ion
implants as identified in previous light ion studies. The defects produced
by the ion implantation were removed and the Tl activated by a two-step anneal
procedure. A-high quality annealed implant layer was produced from which the 4 -

(continued on back)

*om
DD , 3% 1473  eoimion OF 1 NQV 65 iS OBSOLETE

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE /When Data Entered)




UNCLASSIFIED

SECURITY CLASSIFICATION OF TwiS PAGE/When Dete Entered)

“four excited states of the Tl bound exciton no~phonon could be resolved. An
unidentified bound exciton peak related to the Tl acceptor was observed for the
first time in both ion implanted and bulk grown Si:Tl. Temperature dependent
Hall-effect measurements were made on the implant layers which indicate that
Hall-effect measurements made only at room temperature are not valid in general
for silicon implant layers. The Hall data and luminescence data both indicate
that the concentration of activated Tl increases with increasing second anneal
temperature. The Hall-mobility varied as sz-‘ for implanted Si:T1 in the tem=~
perature range 135-165 K. The ionization energy was determined to be 229 meV by
Hall-effect measurements in the compensated temperature region.

UNCLASSIFIED

SECURITY CLASSIFICATION OF Tw:'¢ BAGE’When Dars Entered)

N ———




AFWAL-TR-82-4115

FOREWORD

performed in support of WUD No. 48,

This report was prepared by Captain Orven F. Swenson.
JON 2306Q106.

The work was
"Electro-Optical Materials," and

This report was submitted as the thesis requirement for the Degree
of Doctor of Philosophy to the School of Engineering of the Air Force

Institute of Technology and was published as AFIT report AFIT/DS/PH/82-1.

The author thanks the members of the Materials lLaboratory who supported

this study and Dr. P. M. Hemenger for the use of his Hall-effect apparatus
and for his encouragement and insight throughout the effort.

He acknowledges Dr. R, G. Wilson of Hughes Research Laboratories for
ion implanting the Si:T1 and providing the SIMS data.

G. Carter,

ar.
Dr. C. E. Christodoulides, and Dr. A. Ali of the University of Salford,
Salford, England, are also acknowledged for providing the RBS data.

The author is also indebted to Or. T. E. Luke for his encouragement
and guidance during the completion of this
for supporting the research effort.

study and to Dr. R. L. Hengehold

4 Ces8SU

e Y /ij
BN I CHRR

\
- : !
Crre T

37 SN
e ustic

. —

/

! -~ . -
- .
N L

g

.;, I R
% ; IR .
L pistriio. g
l Avalles 000

iid




AFWAL-TR-82-4115

SECTION
I

II

III

TABLE OF CONTENTS

PAGE

INTRODUCTION 1
1. Objective of the Research 2
2. Overview of the Research 2
BACKGROUND 4
1. lon Implanation 4
a. Range Distribution 4

b. Radiation Damage 7

c. Implant Damage Annealing 8

2. Sample Preparation for this Research 9
a. Sample Implantation 9

b. Two-step Annealing 9

c. Sample Cleaning and Cutting 12

d. Electrical Measurement Samples 13

e. Bulk Doped Reference Sampies 13
LUMINESCENCE 15
1. Silicon Luminescence 15
a. Luminescent Mechanisms 15

b. Previous Results for Si:T1 19

2. Luminescence System 19
Reference Luminescence Results 22

a. Substrate Luminescence 22

b. Bulk Doped Si:T1 Luminescence 22

4. Implanted Si:T1 Luminescence 30
a. Unannealed Implanted Samples 30

b. Two-step Annealed Samples 35

¢. T1 BE Luminescence in Implanted Si 44

d. BE Excited States 48

5. Comparison with Previous Studies 48

v PRECEDING PAGE BLANK-NOT F1LMD




ArWAL-TR-82-4115

SECTION

TABLE OF CONTENTS (Cont'd)

IV ELECTRICAL MEASUREMENTS
1. Surface Hall Effect Measurements

a.

b
c.
d

The van der Pauw Technique
The Reverse-Biased p-n Junction
Measurements as a Function of Temperature

Previous Electrical Measurements

2. The van der Pauw System

3. Hall-effect Results

a.

b
o
d.
e

Substrate Donor Concentration
Figures of Merit

Sheet Hole Concentration

Hall Mobility

Ionization Energy

4. Comparison with Previous Studies

a.
b.

Ionization Energy of Ion Implanted Silicon

Electrical Measurements on Si:T1

v RBS AND SIMS

1. Rutherford Backscattering and Channeling

a.

b
c.
d.
e

Depth Sensitivity

Lattice Disorder

Impurity Atom Detection
Previous RBS Studies of Si:Tl
RBS Results

2. Secondary lon Mass Spectrometry

VI CONCLUSTIONS

VII RECOMMENDATIONS

! 1. Implanted Si:T
2. Implant Technique

REFERENCES

PAGE

100
102
104

110
113

117

117
118

119




AFWAL-TR-82-4115

FIGURE
1.

10.

11.

12.

13.

14,

15.

16.

17.

LIST OF ILLUSTRATIONS

Projected Range

Beam Channeling when the Incident Beam is Parallel
to a Major Crystallographic Oirection

Van der Pauw Pattern

Photoluminescence from 70 Qhm-cm Silicon Substrate
Material at 10 and 15 K

Schematic Diagram of Luminescence System

System Response to a 8lackbody Radiator at 1050 K
anu the Corresponding Correction Factor

Photoluminescence of the Silicon Substrate at
Temperatures from 10 K to 30 K

Photoluminescence Spectrum of Bulk Grown Si:T1

Photoluminescence Spectra of the T1 BE Taken at
Temperatures from 10 K to 30 K

Photoluminescence Spectra of T1 BE at 10 K and
Excitation Powers Ranging from 251 mW to 29 mW

Comparison of Photoluminescence Associated with
[soelectroni¢c BE and with the T1 BE

Photoluminescence Spectra of the Iscelectronic 3E
Taken at Temperatures from 15 K to 60 K

Photoluminescence Spectra of the [soelectronic BE
for Excitation Powers Ranging from 297 mW to 29 mW

High and Low Resolution Cathodoluminescence of
Unannealed Implanted Si:T1 at 24 K

Temperature Dependent Cathodoluminescence of Un-
Annealed Implanted Si:T

Cathodoluminescence from Laser Annealed Si and
Unannealed Implanted Si:T1

Photoluminescence frgm Ion Implanted Si:T1 at 15 K
and 30 K after a 550°C Anneal

vii

PAGE

14

17
20

24
25

27

29

31

32

33

36

37

38




AFWAL-TR-82-4115

LIST OF ILLUSTRATIONS (Cont'd)

FIGURES PAGE

18. Photoluminescence from Ion Implanted Si:T1 at 30 K

after Anneals at 5509C, 5500¢ + 650°C,

5500C + 7500C, and 5500C + 9500C 39
19, Photoluminescence from Ion Implanted Si:T1 at 15 K

and 30 K Showing the BE(NP): FE(TO) Ratios as a :

Function of Second Anneal Temperature 4 ]
20. Cathodoluminescence from Single-Step 8500C Annealed

Si:T1 for a Focused and Defocused Beam 42
2. Cathodoluminescence from Single-Step 9500C Annealed

Si:T1 for Two Positions and With the Beam Defocused 43
22. Photoluminescence Spectra of Fully Annealed Silticon 4

Ion Implanted with 1014 T1 lons/cm2 at 560 keV 5
23. High Resolution Luminescence Spectrum Taken at 10 K

of Annealed Silicon lon Implanted with 1014

Ions/cm2 at 560 keV 6
24. Thallium Associated Luminescence at 15 K from Ion

Implanted Silicon. The FE Spectrum of Figure 7

Has Been Substracted from the Combined FE and BE

Spectrum of Figure 24 47
25. High Resolution Spectra of the BE(NP) Line in Ion

Implanted Si:T1 Showing Four Thermalizing Lines 49
26. Configurations Used for van der Pauw Measurements 53
27. Electrical Connections for a Reverse-biased Im-

Plant Layer 59
28. Computer Plots Generated Using Equation 23 and

Equation 24 63
29. Carrier Concentration of the Substrate Including

the Charge Balance Equation Fit, Solid Line 70
30. Leakage Current Percent and R3/Ry Values for

a Good Sample 72
1. Leakage Current Percent and R3/Rp Values for

a Leaky Sample 73
32. Leakage Current for a Good Sample 74
33. Leakage Current for a Leaky Sample 75

viii




L s e

AFWAL-TR-82-4115

FIGURE
34.

35.

36.

38.

39.
40.
41.

42,
43.
44,
45,

46.

47.

48.

49,

LIST OF ILLUSTRATIONS (Cont'd)
Sheet Carrier Concentration Versus Inverse
Temperature for a Good Sample

Sheet Carrier Concentration Versus Inverse
Temperature for a Leaky Sample

Sheet Carrier Concentration Variations with
Second Anneal Temperature

Sheet Carrier Concentration at 200 K as a Function
of Inverse Second Anneal Temperature

Sheet Carrier Concentration Variations with Dose
and Implant Energy

Hall Mobility Temperature Dependence
Conductivity Mobility Temperature Dependence

Fit of the Sheet Carrier Concentration in the
Compensated Temperature Region

Sheet Conductivity Temperature Dependence

Typical Backscatter Yields in Silicon

Typical RBS Configuration

Glancing Angle, High Resolution RBS Configuration
The {110} Plane of Silicon Showing the Locations
Seen by a Channeled Probe Beam Along the Major
Crystalline Directions <110> , <l11>, and <100°>
Low Angle Exit Aligned <100> RBS Spectra from
(100) Silicon Implanted with 1 x 1014 T1/cml

at 280 keV

Aligned <100> RBS Spectra from (100) Siticon
Samples Implanted with 1 x 1014 T1/cmZ at 280 keV
and then Annealed

Low Angle Exit Aligned <100> RBS Spectra from

(100) Silicon Samples Implanted with 1 x 1014
T1/cm@ at 280 keV and then Annealed

ix

PAGE

77

78

79

80

32
83
34

86
88
95
96
38

101

105

107

109

e ot e e S




AFWAL-TR-82-4115

LIST OF ILLUSTRATIONS (Concluded)

FIGURE
50. SIMS Depth Profile from Unannealed Silicon
Implanted with 4.0 x 1013 T1/cm¢
51. SIMS Depth Profile from (111) Silicon Implanted

with 4.0 x 1013 T1/cm? and then Annealed at
8000C for 20 Min

PAGE

mm

112




AFWAL-TR-82-4115

TABLE

LIST OF TABLES

Samples Used in This Study

Energies uf the T1 Associated Luminescence Lines
Defect Luminescence

Substrate Concentrations

Ra/R Ratios and Mobility Temperature Dependence

b
[onization Energies
Ionization Energies Determined for Implants

RBS Results




AFWAL-TR-82-4115

SECTION I

INTRODUCTION

Extrinsic silicon has recently received renewed interest as an
infrared detector material for Air Force applications. This is the result
of a desire for arrays of detectors of a material which allows the inucor-
poration of the signal processing electronics on the detector chip. Such
a material would avoid the requirement for separate detectors and electronics
and for the interconnects between them. The existence of a highly developed
technology for the fabrication of integrated electronics on silicon is the
main point in favor of using silicon for these detector arrays. For %his
application, a silicon dopant is required which is photosensitive within
the desired spectral range, has a sufficiently high quantum efficiency,
and permits the highest possible temperature for photon background limited
operation.

Thallium provides a near ideal match to the 3-5 micron spectral
window in the atmospheric absorption (Reference 1). Also, thallium has
a high theoretical detectivity, a high theoretical background-1limited
operating temperature (90 K), and a Tow diffusion coefficient compared to
the 30 other dopants in silicon screened by Sclar for possible use in the
3-5 micron range. Its only identified drawback is that for doping techn1ques
attempted so far the thallium solubility in silicon is limitec to the 10

-10'6 p73 range (Reference 1).

Interest in thallium doped silicon (Si:T1) has been minimal due to the
Tow T1 solubility, 3.7 x 10'7 cm™> at 1105°C (Reference 2). This low
solubility has made optical measurements difficult and has resulted in TI
being the least optically studied group IIIA impurity in silicon (Reference
3). Also, the low concentration of acceptors attainable has resulted in
very high resistivity which has hindered electrical measurements. Because
of its high potential, further research was needed to determine the
suitability of Si:T1 as a detector material. Ion implantation provided
an alternative to the largely unsuccessful conventional techniques of

growing appropriately doped Si:T1.
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1. OBJECTIVE OF THE RESEARCH

The purpose of this research was to investigate the praperties of
ion implanted Si:T1 for application as a detector material in the 3-5
micron spectral range. The important parameters considered were the
concentration of electrically active thall m impurities, the mobility
of the doped material, the ionization enercy of the acceptor, and the
optically active concentration of T1. In order to fully characterize
Si:71, these properties were measured for various T1 concentrations and

annealing parameters.

Prior electrical and optical measurements had been made on melt-
grown (Reference 4-7) and diffused (References 3 and 4) Si:T1 material.
These techniques have the disadvantage that only very low concentrations
of T1 can be introduced into silicon, less than 5 x 1016 cm°3 to date.
Also, the final T1 concentration is difficult to control by these methods
and the concentration of T cannot be varied from wafer to wafer by the
melt-growth technique. However, an efficient method by which to introduce
nrecisely determined amounts of impurities into a material is ion im-
plantation (Reference 8). This technique permits the selection of the
impurity concentration to be studied for each silicon wafer and also
produces higher impurity concentrations than are available by other doping
techniques. Therefore, ion implantation was selected as the primary
method of preparing samples for this research. The theory of ion im-
plantation and the specifics of the sample preparation are given in

Section II.

2. QVERVIEW OF THE RESEARCH

Luminescence was used to monitor the defects introduced by the
implantation and the optical activation of the T1 dopant. Luminescence
has not been previously used to study implanted dopants in Si. It turns
out to be an ideal method for this since the annealing of defects intro-
duced by the implantation can be studiec at the same time as the optical
activation of the dopant. The defects introduced were found to be the
same as in previous work implanting light ions. A new T1 related peak
was discovered in the T1 bound exciton spectrum. This was confirmed by
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luminescence from a bulk grown Si:71 sample. The results of these
measurements are presented and discused in Section III.

The electrical properties of Si:T1 were determined using the van der
Pauw technique for Hall-effect measurements. Since the electrical
characteristics vary with depth, this has not been a very effective
method for studying implant layers. However, this study shows that the
ionization energy and mobility can be determined for implant layers by
making temperature dependent measurements in compensated temperature
regions. The implant layer was electrically isolated from the substrate
by a p-n junction formed by implanting p-type into n-type Si. It is shown
that the leakage current through the p-n junction formed by the implant
layer and the Ra/Rb ratios should be monitored when using this technigue.
The sheet carrier concentration was used to qualitatively evaluate the
effects of sample orientation, energy of the implant, and thermal anneal
temperatures. The first Si:T1 ionization energy and mobility results
determined from Hall-effect measurement of ion implanted layers are
reported. Hall-effect theory and results are given in Section IV.

Rutherford Backscattering (RBS) and Secondary lon Mass Spectrometry
(SIMS) results are included in Section V. They confirm that T1 is contained
in the regrown Si after annealing and that the disorder created by im-

plantation is nearly all removed.
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SECTION II

BACKGROUND

1. ION IMPLANTATION

Ion implantation is a method of selectively introducing atoms into

the surface layer of a solid by bombardment with energetic ions (References

8 and 9). Since the number of implanted ions is controlled by the implant
| system rather than the physical properties of the substrate, species can
be studied which cannot be introduced into semiconductors by conventional
means such as diffusion. The important parameters for implanted semi-
conductors are the range distribution of the implanted atoms, the amount
and nature of the lattice disorder created, the lattice location of the
implanted atoms and ultimately the electrical characteristics of the
implant layer after subsequent annealing (Reference 8).

a. Range Distribution

The position where an implanted ion comes to rest is a function
of its energy on impact. The total distance it travels through a solid

prmsaa i

is called its "range" and the projection of this distance onto the
direction of incidence is called (Reference 9) the "projected range" [see
Figure 1).

When the impinging ion is aligned with a major crystallographic
direction (typically (111), (110), or (100)) it sees an open "channel"
in the lattice (see Figure 2). Since it suffers only minor glancing
collisions as it travels down the channel, it will penetrate much farther
5 into the crystal than an ion incident along a random direction. By
purposely misaligning the beam from the major crystallographic directions,
the ion beam will see a nearly random target. This was the case for all
samples used in this study. For this case with no channeling, the range
distribution is roughly Gaussian and can be characterized by a mean pro-

jected range Rp and a standard deviation ARp from this mean (Reference 8).
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The concentration of impurities as a function of depth will then be given
approximately by

Ni (x - R )2
N(x) = exp|——2 )
727 3R, 2{ARP)2

(1)

. . . 2 .
where Ni is the implant dose (ions/cm ). The peak concentration Nmax of

the implanted species can be estimated by (Reference 9).

N T —
max ARP (2)

In practice, it is nearly impossible to avoid all effects of channeling
in a crytalline in a crystalline target, because atoms entering in a random
direction can be deflected into a channeled direction. These few "channeled"

atoms form a deep "tail" beyond Rp and become important when considering
the electrical characteristics of the implant layer. For example, the
electrical characteristics of the implanted p-n junction are determined
by the implantation profile in the region where the dopant concentration
is comparable to the background level in the substrate (Reference 8). If
the p-n junction occurs in the tail region, then rather than being abrupt
as desired, the junction will be extended and will be adjoined by high
resistivity regions on both sides which will strongly influence the
electrical characteristics as shown in Section IV.

Lindhard, Scharf and Schiott (LSS) developed a theory to predict the
range distribution of implants. This theory is thoroughly discussed by
several authors (References 8-11) and has been shown to match experiment
quite well. Tables have also been compiled giving Rp and AR_ calculated
from LSS for most implants in silicon. The values for T1 implants in Si
at the energies used in this study are given below (Reference 12).

Implant Energy Projected Range Standard Deviation

280 keV 869 X 213 X

560 kaV 1516 % 366 &
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b. Radiation Damage

One of the severest limitations of ion implantation is the
crystal disorder or radiation damage resulting during the implantation
process. Radiation damage occurs when an energetic particle imparts
enough energy to a lattice atom to displace it from its normal site.

An implanted ion loses energy by two processes (Reference 13):
(1) Excitation of the orbital electrons of the ion and lattice atoms
resulting from inelastic collisions with the atoms and (2 elastic collisions
involving the screened nuclei of the ion and atoms. Only the latter
nuclear collisions create lattice disorder around the ion track resulting
in radiation damage effects (Reference 8). The energy required to displace
an atom from its normal lattice site is known as the displacement energy.
The implanted ion makes very many violent collisions with the atoms of the
crystal before it comes to rest. Each dispiaced atom will act as a
secondary projectile if it receives energy greater than its displacement
energy, which results in a cascade process of damage production (Reference
13). Disorder studies (Reference 11) of 200 keV T1 implants in Si show
17,000 £1,500 Si displacements per incident T1 jon. For high doses, these
cascade clusters overlap resulting in an amorphous layer. Common usage
of "amorphous"” in implantation studies refers to a noncrystalline region
in which there is no long-range crystallographic ordering. However, this
region may contain close-range order similar to that in crystalline Si.
For 200 keV T1 implants in Si, an amorphous layer is formed (Reference 11)
for doses greater than 4 x 1013 ions/cmz.

The amorphous 2one can be epitaxially regrown by annealing to again
form single crystal Si. Different defect structures dominate in the
implant region depending on the anneal temperature. The divacancy is
particularly important in room temperature implanted material since it
is stable up to about 550 K (Reference 13). Divacancies can have several
charge states V+, V;, Vé and V;. In addition, a number of more compli-
cated defects are believed to involve clustered defects and multiple
vacancies. The various defects caused by implantation occur at depths

less than or approximately equal to the ions depth into the material

(Reference 13).
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c. Implant Damage Annealing

Annealing is the heat treatment of an implanted sample to regrow
the crystalline structure of the substrate. Early Si fon implantation
studies typically used isochronal anneals (often 10 min anneal periods)
at consecutively higher temperatures. The amorphous implanted layer was
found to reorder at 570°C (Reference 8). More recent studies (Refarence
14) of self-implanted (Si implanted into Si) amorphous silicon show that
at 550°C the amorphous layer thickness decreases linearly with time and
the recrystallized layer grows epitaxially on the underlying crystal
substrate. This is not the case however for higher temperature one-step
anneals, where low solubility species (In, Sb and Pb) implanted in (111)
Si have shown polycrystal formation when annealed directly to temperatures
above 750°C (Reference 14). Once the polycrystals are formed, the grain
boundaries provide short-circuit paths for migration of the implanted
species out of the substrate. Also, for shallow implants, the impurity
atoms migrate to the surface by way of extended defects during annealing.
However, for In in Si, all the deep implants (340 keV) are retained after
a 550°C anneal (Reference 15).

Another factor in annealing of implant layers is the directional
dependence of regrowth rates, which have been shown to be much slower
for (111) Si than for (100) Si. The regrowth rate for (100) self-ion
bombarded substrates is about 80 K/min at 550°C while for (111) substrates
it is approximately 3 K/min (Reference 15). Also, the regrowth on (117)
Si is nonuniform in time and the interface is irregular (Reference 14).
For the slower regrowth on (111) Si, the competition from nucleation of
polycrystallites is much more severe than for the rapid epitaxial growth
on (100) substrates. One-step annealing ¢f (111) material at a temperature
above 550°C results in considerable residual disorder, supposedly due to

extended defects which arise from non-epitaxial regrowth. The residual
disorder should be considerably reduced by first annealing at 550°C for

a time sufficiently long for the layer to regrow epitaxially, then annealing
at high temperature to remove the defects in this regrown layer (Reference
15).
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Based on these results, Blood (Reference 15) et al, used a two-step
method which significantly increased the percentage of implanted [n and
Sb retained in Si after annealing. Their first anneal was at 5509C for
a time long enough for the layer to completely regrow epitaxially
followed by a 940°C anneal to remove the defects in the regrown layer.
They reported substitutional concentrations of implanted In in Si in
exces; of the solid solubility by using this process.

2. SAMPLE PREPARATION FOR THIS RESEARCH
a. Sample Implantation
Samples were implanted by Hughes Research Laboratory. Both (100)

and (111) Si wafers cut from the same 70 ohm-cm n-type boule were used
for comparison between the two orientations. Only deep implants of 280

and 560 keV were used in order to reduce surface effects and the
migration of T1 out of the Si. The wafers were implanted with T1 in a
10 14, and 10
T ions/cmz. The implant energies and doses for samples reported are

.
random direction at room temperature with doses of 1013, 15

given in Table 1.
b. Two-Step Annealing

The implanted samples in this study were annealed using the
two-step method reported by Blood (Reference 15) et al. The first tem-
perature of 5509C was maintained for times sufficient to guarantee the
complete regrowth of the layer using the direction dependent growth
rates given above followed by a 30 min anneal at 940°C. Some samples
were also single-step annealed at only 800°¢C for comparison. Also,
various temperatures were used for the second anneal step to check for

defects and activation. The anneal conditions for all samples reported
are given in Table 1.

Samples were annealed in flowing argon in a temperature controlled
Lindberg Heaviduty SB furnace. The anneal temperature was monitored with
a Pt vs Pt-13% Rh thermocouple. The samples were sandwiched between
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Sample

Luminescence

301
303
310
406
407
438
440
447

442
443

445

446
cs-6
cs-13

Electrical
285
286
287
449
450
457
471
472

473

SAMPLES USED IN THIS STUDY

Implant
Energy (keV)

280

280

560
Unimplanted
Unimplanted

280

280

280

280
280

280
280
bulk grown

bulk grown

Unimplanted
Unimplanted
Unimplanted

280

280

280

560

560

560

TABLE 1

Oose

Substrate

Max imum
Leakage

550°C Second Percent

Ions/cm” Orientation Anneal Anneal

1014

1014

4.48x10
T1 /' cm3

9.50 x10
T1/cm3

1014

1ol

1014

1014

]0]4

1014

16

15

10

(111)
(111)
(100)
(1)
(100)
(100)
(100)
(100)

(100)
(100)

(100)

(100)

6 h
6 h

2 h

1 h
1h

6 h
6 h
14 h
14 h

14 h

923°C
30 min
940°C
30 min
940°C
30 min
950°C
1 h
650°C
1 h
850°C
1 h

750°C
1 h

850°C
1 h

950°C
1 h

940°C
30 min
940°C
30 min
940°C
30 min
940°C
30 min
940°C
30 min
800°C
20 min

<200 X

0.3%
3.8%
11.5%
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Sample
Electrical

522
526
532
538
539
540
548
549

550

RBS

293
300
307
345
393
394

397
398

Implant
Energy (keV)

280
560
280
560
560
560
560
560
560

280
280
560
560
280
280

280
280

TABLE 1 (Concluded)

Dose

Substrate

Ions/cm® Orientation Anneal Anneal

1013

1015

1013

1015

1014

]014

1014

T014

10’14

1014
14

10
10
10
10
10

14
14
14

14
14

10
10

N

(111)
(111)
(100)
(100)
(100)
(100)
(100)
(100)
(100)

Max imum

Leakage

550°C Second Percent

<200 K

14 h 940°¢C 37.8%
30 min

14 h 940°C 0.5%
30 min

6 h 940°C 23.5%
30 min

6 h 940°C 7.5%
30 min

6 h 850°C 5.8%
30 min

6 h 550°C 23.4%
30 min

6§ h 745°C 10.3%
30 min

6 h 850°C 3.9%
30 min

6 h 745°C  21.0%
30 min

T h --
1 h 940°C
30 min
6 h --

6§ h 940°C
30 min

il




AFWAL-TR-82-4115

ultra-high purity silicon wafers and held in a quartz boat. The samples
were placed in the argon flow at least 30 minutes before entering the
furnace and remained in the argon flow at least 30 minutes after removal
from the furnace.

c. Sample Cleaning and Cutting

Samples were cleaned before each anneal and between each
processing step in the application of electrical contacts to
insure no contaminants were present. The following procedure
was used:

1. Pre-wash
a. Rinse in 659C trichloroethylene
b. Rinse in room temperature acetone
c. Rinse in 609 isopropyl alochol

2. Boil in the following solution for 15 minutes at 30°C:
5 parts distilled H,0

1 part H,0, 30% unstabilized
1 part NH40H 27% solution

3. Boil in the following solution for 15 minutes at 309C:
5 parts distilled H,0

I part H202 30% unstabilized
1 part HCl 37% solution

4. Rinse in distilled H20

Samples for luminescence were cut with a diamond
impregnated wire saw while mounted with the implanted side
down in black wax. Electrical samples were cut with an

yltrasonic cutter.

12
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d. Electrical Measurement Samples

Samples for electrical measurements were cut in a van der Pauw
(VOP) pattern with an ultrasonic cutter. Implanted layers were
electrically isolated from the substrate by a p-n junction formed by ]
implanting p-type T1 into n-type Si. The implanted wafers were first
annealed at 550°C and then mounted with the implanted side down in black
wax on plate glass. The VOP samples were then cut ultrasonically in the
"clover leaf" shape shown in Figure 3 usirg SiC grit. The cut edges were
then etched for one minute in CP4 (HNO3 and HF) to remove sharp edges
and pits caused by the ultrasonic cutting which might contribute to the
leakage current through the junction. The etching was done with the
wafer still in the black wax which prevented etching the implanted
layer. A contact was then sparked on the back with Sb (Reference 16).
The sample was removed by melting the wax and cleaned with the procedure
outiine above. The sample was then etched in a 10% solution of HF to
remove 5102 layer from the implanted region. Gold wires were then In
soldered to each of the four implanted legs and to the contact sparked
on the back.

The samples were screened with 2- and 3-point probes before
mounting them in the Hall-effect apparatus. The 2-point probe was used
to check that the contacts were ohmic and the 3-point probe tested the p-
n junction between each of the four legs and the backside contact.

e. Bulk Doped Reference Samples

Two bulk grown Si:T1 crystals were used for reference in
the luminescence study which allowed comparison with previous studies.
These samples were grown by temperature gradient transport from a
solution consisting of Si dissolved in a tin-thallium liquid-metal
solvent (Reference 17) by Honeywell Corporate Physical Sciences Center.
Samples ¢s-6 was grown from an 86:14 T1 to Sn ratio at 1370°C and sample
£s-13 was grown from a 50:50 T1 to Sr ratio at 1335°C. Hall analysis
(Reference 18) using an ionization energy of 0.246 eV and an empirical
Hall scattering factor gave the following concentrations: c¢s-6

13
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(4.48x1010 T1/em3, 1.09x1015 8/cm3, 1.59x10%% unknown accantors/cn?,
and 9.50x1014 donors/cm3) and cs-13 (9.50x1015 T1/cm3, 1.73x1015 B/cm3,
6.54x1014 unknown acceptors/cm3 and 1.76x1015 donors/cm3). The
concentration of Sn in sample cs-13 was measured (Reference 19) to be
6x10193 Sn/cm3 by llgSn Mossbauer spectroscopy. The samples were etched
in 5 parts HNO3 to 3 parts HF and rinsed in deionized water before
mounting in the He dewar.

2mm Contacss

Figure 3. Van Der Pauw Pattern

14
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SECTION [I1

-UMINESCENCE

1. SILICON LUMINESCENCE

Luminescence nas been used to study dopants in bulk grown silicon
and to study radiation defects in ion implanted silicon. Luminescence
associated with group I[IIA dopants in silicon was reported as early as

25 years ago (References 20-23). More recently, extensive studies nave
deen conducted on the shallow group IIIA dopants (References 24-28) and
on indium (References 27-32) in silicon. However, only three
publications have reported luminescence from the deepest group IIIA
acceptor, thallium (References 4, 27, and 33) in silicon. Until now,
luminescence of doped silicon has been limited to bulk grown and
diffused crystals, although luminescence has been shown to be an
excellent technique for monitoring implant defects and studying the
effects of various annealing methods. The luminescence studies reported
in the literature on implanted silicon (References 34-42) are only on
the defects and not on the implanted species. Since luminescence is so
effective both in studying dopants and defects in Si, it seems an ideal
monitor for implant Tlayers from initial implant through the final
anneal process. However, this has not been done before this study.

a. Luminescent Mechanisms

Luminescence in intrinsic silicon is the result of radiative
recombination of free excitons (FE) (References 23 and 43). Because Si
has an indirect bandgap, the recombination must take place in
conjunction with the emission of a momentum conserving phonon (Reference

44), The emitted photon has energy

15
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where Egapis the bandgap energy, E, is the ground state binding energy
of the exciton, and £_ is the energy of an emifted phonon. An
intrinsic Si luminescedce spectra is shown in Figure 4. The dominant
Tines are associated with exciton decay assisted by the emission of a
transverse (TA), longitudinal optical (LO), or transverse optical (TC;,
phonon (Reference 45). For low enough temperatures and nign enougn
excitation energies, luminescence from electron-nole droplets {Reference
46) (EHD) is also seen in Si. The luminescence spectra optained at 10 K

show the EHO peaks in Figure 4.

When Si is doped, the impurities provide traps where excitons can
be bound. Lampert (Reference 47) first suggested the existence of pound
exciton (BE) complexes and derived the limiting binding energies of some
of the simpler complexes by analogy with different charge states of the
hydrogen atom and molecule (Reference 45). The energy of a photon
emitted due to the recombination of a BE is given by

1 pi 1)

where be is the localization energy of the bound exciton. From
Equation 3 and 4, be is determined by the difference between the BE
lines and their corresponding FE components. The first observation of
the BE was in Si by Haynes (Reference 21), who found for shallow donors
or acceptors, £, : 0.1 E;, where E; is the ionization energy of the
donor or acceptor.

If the exciton were bound to an ionized acceptor, i.e. an immobile
three-particie complex consisting of the negative acceptor ion, a hole,
and an electron, then be would be approximately equal to Ei rather than
0.1 Ei' The exciton-impurity binding should therefore be viewed as a
four-particle complex consisting of an electron bound to a negative
acceptor ion by a hole pair bound (References 21 and 45). The BE
transition A°X = A® observed in p-type Si is diagrammed below (Reference
42)

16
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| T T T T T T
EHD(T0.L0) *FE(TO,LO
FE(TO + Or)\j o« )
‘E '!. K
K iy A
:.! P ¢
. ' o- -
\ P
. » ’ _:
ot P .
. ‘ i .
3 . ‘
§ 3 K \ EHU(IA)
2 Lk 25} 5,‘\-«\.
o [ 300 m siit heod L
¥ p
A T OFE(T)
"3 ©N.
FE(3 phoncn) :
5 K F 2 phonon
1.3 mm sht \
L “00 um sht
0.84 O. 98 1. 02 1. 08 .1‘!
enerqy (eV)
Figure 4, Photoluminescence from 70 Ohm-cm Silicon Substrate

Material at 10 and 15 K (Intensity not Corrected)
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Excited —e=p e - exciton bound to
+ neutral acceptor
Ground Y- e+ neutral acceptor

where (5) represents an acceptor + represents a hole, and - represents
an electron.

Momentum may be conserved for bound exciton transitions through
coupling to the impurity atom in addition to the emission of phonons
(Refereﬁce 45). A no-phonon (NP) transition is therefore found in 3E
spectra which is not possible for FE recombination. The ratios of tne
intensities of the no-phonon and momentum conserving phonon assisted
luminescence peak increases monotonically with the localization energy of
the BE (Reference 45).

Particle irradiation of Si suppresses the normal FE or BE
luminescence and defect related luminescence is observed instead
(References 34-41). This defect luminescence is characterized by
dominant NP peaks due to electronic transitions at defects and by the
associated lower energy peaks resulting from phonon cooperation in the
transitions (Reference 38).

Electron-beam excitation {cathodoluminescence) and optical
excitation (photoluminescence) are commonly used techniques (Reference
48) for the production of high densities of electron-hole pairs
(excitons) to be studied by their recombination radiation. In cathodo-
luminescence a beam of primary electrons of energy less than 100 keV is
focused on the surface of the crystal. Each primary electron ultimately
produces many thousands of secondary electron-hole pairs. In photo-
luminescence, a laser or intense lamp beam is focused on the surface of
the crystal with an electron-hole pair produced for each absorbed photon.
Although the mechanisms for producing the excitons are different, the

18
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resulting recombination mechanisms are the same; therefore, cathodo-
luminescence and photoluminescence results are equivalent except for the
depth at which the luminescence originates.

b. Previous Results for Si:T1

The first luminescence from Si:T1 was reported by Vouk and
Lightowlers (Reference 4). Their three samples had very low T1 concen-
trations, 4 x 1084em=3 for the bulk doped sample and 3 «x lOlscm'3 and
and 2 x 10'8¢m3
was difficult due to FE and EMD interference, and the diffused samples

for the diffused samples. Study of the bulk doped sample

contained considerable B contamination. The only T1 related features
detected were the BE(NP) and BE (T0) transitions. The T1 BE(NP) was

resolved into a thermalizing triplet structure. The 3E localization

energy was determined to be 43.8 meV,

E11liott (Reference 33) et al. observed the BE(NP) with both
absorption and luminescence. Their sample contained 3 x 1016cm'3 .
They observed four thermalizing lines in the spectra by both techniques.
They also determined a BE localization energy of 44.2 meV. Thewalt
(Reference 49) et al. also studied bulk grown Si:T1 with a concentration
of 5 x lomcm'3 T1. They however studied lines associated with
isoelectronic BE's rather than the T1 BE spectra. The samples were
treated by heating and quenching to produce the intense isoelectronic
bound exciton like luminescence.

2. LUMINESCENCE SYSTEM

Both photo- and cathodo- luminescence systems, which yield the same
results, were used in this study. Cathodoluminescence was used for the
earlier work. The equipment configuration was the same as for the
photoluminescence, Figure 5. The electron gun was variable from 4-15 xV
and has a maximum beam current of 3u A, The high voltage supply was
equipped with a photo-isolator allowing beam shaping by a pulse
generator. To improve the signal-to-noise ratio of the detection
system, the beam was pulsed with a square wave of 40 Hz. The cathodo-
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51 diode temperature

4 meter specirometer / controller
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intrinsic fe = | '
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Figure 5. Schematic Diagram of Luminescence System
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Tuminescence system was equipped with focusing, astigmatism, and
deflection coils for easy manipulation of the electron beam. The samples
were mounted with clips on a copper block attached to a Heli-tran. The
sample block has a 45 face to permit sample excitation by a vertically
accelerated beam of electrons and horizontal collection of the emitted
luminescence. The temperature was monitored with a Lake Shore Si diode,
DT-500KL, embedded in the copper block and controlled by a Lake Shore
controller connected to a heating coil on the copper block. The samples
and electron gun were maintained in a diffusion pumped vacuum system
with the pressure maintained below 1070 Torr during operation. The
maximum power on the sample was 45 mW which was not sufficient for nigh
resolution spectra from Si:T1.

Photoluminescene was used during the latter part of the study due
to the higher excitation powers available. The photoluminescence spectra
were obtained by illuminating the samples with the 4880 R line of a
Spectra Physics 164 Ar-ion laser mechanically chopped at 53 Hz. The
infrared lines of the Ar discharge were filtered out with an QOptics
Technology #700 low pass filter. The filtered and chopped beam was
variable up to 360 mW as measured with a Scientech 362 power meter. The
photoluminescence samples were mounted on the copper tail of a Janis
flowing helium cryostat equipped with quartz windows. The temperature
control was the same as in the cathodoluminescence system.

The emitted radiation was collected and analyzed in the same manner
for both systems. The front-surface luminescence was collected by a
spherical quartz lens located a focal length away from the sample, and
the collimated 1ight was then focused onto the entrance slit of a Spex
1702 spectrometer with a quartz cylindrical lens. Both 600 grooves/mm
and 1200 grooves/mm diffraction gratings were used. The dispersed light
was focused with a spherical mirror onto an ADC model 403 intrinsic
germanium photodetector. The signal was processed with an Ithaco 353
phase-lock amplifier, digitized with an HP 2212 analog to digital
converter, and then stored in a multi-channel analyzer (MCA). The
spectrometer and MCA were simultaneously driven by a stepper-motor pulse

generator,
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The data were computer analyzed and plotted. The spectra were
corrected for transmission losses and detector response using a blackbody
as the reference. The spectral response to the blackbody and the cor-
responding correction function are shown in Figure 6. An argon lamp or
the 11,078.868 R Tine of the laser Ar discharge was used for wave-
length calibration,

3.  REFERENCE LUMINESCENCE RESULTS

The tuminescence from implanted Si:71 samples was found to be
dominated by the FE spectra from the substrate. In order to establish
which part of the spectra was associated with the T1 implants, the unim-
planted substrate material and bulk grown Si:T1 were also examined by
luminescence.

a. Substrate Luminescence

The recombination luminescence at 15 K from the 70 ohm-cm
substrate material used for the implant studies is shown in Figure 4.
The FE phonon replicas have been labeled after Vouk and Lightowlers
(Reference 43). The second plot shows the same sample as the first with
the same excitation power but at 10 K. The phonon replicas of the EHD
recombination are clearly evident in the lower temperature spectra. The
excitation threshold for EHD formation in intrinsic Si depends on
temperature and excitation pulse length (Reference 50). The temperature
dependence of the EHD formation in the substrate material is shown in
Figure 7 at the same resolution used for most of the Si:T1 spectra. No
EHD recombination was seen in any of the T1 doped samples at temperatures
down to 4.2 K.

b. Bulk Doped Si:T1 Luminescence

Two bulk grown Si:T71 samples were used, see Section II,
subsection 2d. The luminescence spectrum from sample cs-13 is shown in
Figure 8. Readily identified peaks are the BE no-phonon (NP) transition
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Figure 6. System Response to a Blackbody Radiator at 1050 K
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and its transverse acoustic (TA) and traverse optical plus longitudinal
optical (T0,L0) phonon replicas. The BE(TA) line has not been
previously reported fro Si:Ti. The (70,L0) phonon replica of the free
exciton (FE) is also evident, but note that the FE spectra is negligible
in Si:T1. The BE localization energy was determined to be 44.3 meV
using the FE(TO) from the intrinsic substrate material and 58.0 meV
(Reference 43) as the energy of the TO phonon. An unexpected transition
{U) 33.9 meV below the BE(NP) is also found in this spectrum. The
energies of the peak intensities of the lines associated with the T}
acceptor are summarized in Table 2.

TABLE 2

ENERGIES OF THE T1 ASSOCIATED LUMINESCENCE LINES, SAMPLE C(S-13

Line Peak energv (evV)
BE (NP) 1.1110
BE(TA) 1.0913

U 1.0771
BE(TO, LO) 1.0518

The Tuminescence spectrum from sample cs-13 was investigated as a
function of pump power and temperature. The ratios of the U line
intensity to the BE(NP), BE(TA), and BE(T0Q) line intensities remain
constant with temperatures from 10 to 20 K, Figure 3, and laser pump
powers in the range of 29 to 251 mW, Figure 10. These constant ratios
indicate that the transition U has the same initial state as the BE
transition. Similar results were obtained from the ion implanted
specimens.

The luminescence from sample cs-6 was more complex ana is shown in
Figure 11 along with the spectrum of sample c¢s-13 from Figure 8. The
lines coincide with those reported by Thewalt (Reference 49) et al. which
they identified as due to isoelectronic BE recompination, Their samples
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were obtained from the same source as samples ¢s-6 and cs-13. The lines
in Figures 11-13 have been labeled using their convention. They did not
observe any of the isocelectronic 8€ lines until their samples were given
a heat-quench treatment; however, sample cs-6 received no heat treatment

after it was grown. They also did not report any of the underlying T1
BE structure except for the BE(NP). The temperature dependence of the
isoelectronic BE luminescence is shown in Figure 12. Additional lines

not reported before are seen in the low energy region of the spectrum in
Figure 12. At 60 K the T1 BE structure has disappeared leaving the lines
p,c and f,e and the recombination radiation from free electrons and
holes. The line D also appears to grow with temperature. The excitation
power dependence is also given in Figure 13. A saturation effect is
clearly evident indicating a low concentration of the centers causing

the isoelectronic 3E lines. At high pump power, the spectra is dominated
oy the T1 BE Tlines.

4. IMPLANTED SI:T1 LUMINESCENCE

a. Unannealed Implanted Samples |

Cathodoluminescence from an implanted but unannealed sample is ;
shown in Figure 14. The spectra is dominated by deiect associated :
luminescence with a small amount of FE recombination radiation present
from the substrate. The spectra were identical for implants into (100)
and (111) material and for 280 and 560 keV implant energies except for s
the relative intensity of the FE Juminescence to the defect luminescence,
The FE luminescence was nearly nonexistent for (100) material and its
relative intensity with respect to the defect luminescence decreased with
implant energy for both orientations.

A low resolution plot is also shown in Figure 14 which is very
similar to the unannealed spectra of Kirkpatrick (References 36 and 38)
et al. They made tentative identifications of several of these lines.
The defect lines in Figure 14 have been labeled after Kirkpatrick
(Reference 13), and these lines are summarized in Table 3. The relative
intensities of lines I1, I1(TA), and I[1(LA) are constant with temperature
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Figure 14, High and Low Resolution Cathodoluminescence of
Unannealed Implanted Si:T1 at 24 K. Sample 3J3
(Intensity not Corrected).
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TABLE 3

DEFECT LUMINESCENCE

3mm slit Ilmm slit
Kirkpatrick Kirkpatrick lst order 2nd order
Identification R.T. R.T. R.T.
FE(TO) 1.096 1.098 1.098
I4 1.034 1.035 1.024x**
Il 1.018 1.018 1.018
1.000
I1(TA) 0.998* 1.000
0.996
I1(LA) 0.978* 0.979 0,987
G 0.970 0.969 0.970
0.967
0.966
0.943
IL(TO) 0.956* 0.955
G(TA) 0.950 0.951**
0.948
E 0.897 0.898 0.898~**

c 0.790

* After 200°c anneal

**  75Q um slit, lst order
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indicating they are associated with the same defect while line G has a
gifferent temperature dependence, Figure 15. The intense line Il has
been identified as due to recombination at a five vacancy cluster defect,
and the G peak has been identified as due to a carbon dependent center
Reference 38}. The line splittings appearing in the higher resolution
results of tnis study Figure 14) do not support the previous identifi-
cations of the fine structure between G and £ as phonon replicas of G

nor of tne identification of a phonon wing associated with I1.

Defert lines similar to those introduced by ion implantation have
been seen in luminescence studies of radiation damage introduced by
other mechanisms in Si, Jnimplanted substrate material was laser
annealed and examined 2y luminescence for comparison with the ion
implanted samples. The lines G and E were also introduced by the laser
irradiation, Figure 16. L_uminescence of 70 ohm-cm n-type Si irradia